Background: Observational studies suggest an inverse association between whole-grain (WG) consumption and inflammation. However, evidence from interventional studies is limited, and few studies have included measurements of cell-mediated immunity. Objective: We assessed the effects of diets rich in WGs compared with refined grains (RGs) on immune and inflammatory responses, gut microbiota, and microbial products in healthy adults while maintaining subject body weights. Design: After a 2-wk provided-food run-in period of consuming a Western-style diet, 49 men and 32 postmenopausal women [age range: 40-65 y, body mass index (in kg/m 2 ) ,35] were assigned to consume 1 of 2 provided-food weight-maintenance diets for 6 wk. Results: Compared with the RG group, the WG group had increased plasma total alkyresorcinols (a measure of WG intake) (P , 0.0001), stool weight (P , 0.0001), stool frequency (P = 0.02), and shortchain fatty acid (SCFA) producer Lachnospira [false-discovery rate (FDR)-corrected P = 0.25] but decreased pro-inflammatory Enterobacteriaceae (FDR-corrected P = 0.25). Changes in stool acetate (P = 0.02) and total SCFAs (P = 0.05) were higher in the WG group than in the RG group. A positive association was shown between Lachnospira and acetate (FDR-corrected P = 0.002) or butyrate (FDR-corrected P = 0.005). We also showed that there was a higher percentage of terminal effector memory T cells (P = 0.03) and LPS-stimulated ex vivo production of tumor necrosis factor-a (P = 0.04) in the WG group than in the RG group, which were positively associated with plasma alkylresorcinol concentrations. Conclusion: The short-term consumption of WGs in a weightmaintenance diet increases stool weight and frequency and has modest positive effects on gut microbiota, SCFAs, effector memory T cells, and the acute innate immune response and no effect on other markers of cell-mediated immunity or systemic and gut inflammation. This trial was registered at clinicaltrials.gov as NCT01902394.
INTRODUCTION
Previous studies have shown that a dysregulated, prolonged overproduction of inflammatory cytokines is associated with cardiovascular diseases, type 2 diabetes, and certain cancers (1) (2) (3) . Some observational studies have suggested that diets that are rich in whole grains (WGs) 13 are inversely associated with these inflammation-related diseases and all-cause mortality (4) (5) (6) (7) (8) (9) . These proposed benefits of consuming WGs may relate to the fact that WGs are a rich source of vitamins, minerals, antioxidants, dietary fiber, lignans, b-glucans, inulin, phytochemicals, phytosterols, phytin, and sphingolipids (10) . However, these beneficial WG constituents are substantially lost during processing to make refined-grain (RG) flour including losses in ferulic acid (93%); selenium (92%); antioxidant activity (89%); phenolic compounds and magnesium (83%); flavonoids, zinc, and vitamin E (79%); zeaxanthin (78%); fiber (58%); and lutein (51%) (11, 12) .
WG consumption is also known to be associated with an increase in the healthy gut microbiota phenotype, as indicated by their richness and diversity (13) (14) (15) , and in short-chain fatty acid (SCFA) production. Both gut microbiota and SCFAs are considered important for immune function and gut health (16, 17) . Emerging in vivo evidence has suggested that immunologic dysregulation may result from a dysbiosis of the gut microbiota (18) (19) (20) . The relations between WGs and microbiota, chronic disease and microbiota, and the corresponding immune and inflammatory indexes indicate that WG has a potential to favorably alter microbiota and to regulate immune and inflammatory responses (21, 22) .
Several observational studies have shown an inverse association between diets that are high in WGs and a decrease in C-reactive protein (CRP) and the soluble TNF-a receptor TNF-R2 in diabetic women (23) and a decrease in CRP in healthy adults (24) (25) (26) , but discrepancy exists (27, 28) . The limited interventional trials have reported inconsistent findings of a decrease in inflammatory markers IL-8 (29) , IL-6 (30) , and TNF-a (31) or no change in IL-6 and CRP (32) (33) (34) (35) . In addition, none of the studies evaluated cell-mediated immune responses, thereby limiting the ability to assess the overall impact of WG on immune and inflammatory responses. Several factors may explain these discrepancies such as differences in participant BMI ranges, sedentary lifestyles, and low WG habitual intake. Furthermore, none of the studies completely controlled the diet of participants. This is an important factor because day-to-day variations in dietary components can potentially affect inflammation, thereby making it difficult to identify the true effect of WGs. To this end, in the current study, we controlled the diet by providing all meals to participants in both groups, which served to minimize the interference from the variation in dietary intake. Because weight loss could affect both immune and inflammatory markers, the diets that were used in our study were designed to maintain participant weight throughout the intervention period.
Thus, the objective of this 6-wk randomized controlled trial was to assess the effect of WGs compared with RGs within the context of a weight-maintenance diet on markers of systemic inflammation, phenotype and functional aspects of the immune system, gut microbiota and SCFAs, as well as stool weight, water content, pH, and frequency of bowel movements in healthy adults with BMI (in kg/m 2 ) that ranged from normal to obese.
METHODS

Study design, recruitment, and enrollment
This randomized, controlled, parallel-design human trial was conducted between May 2012 and September 2014 after being approved by the Institutional Review Board at Tufts Medical Center and Tufts University Health Sciences Campus (Institutional Review Board 10110) and was registered at clinicaltrials.gov as NCT01902394. Participants were recruited from the Jean Mayer USDA Human Nutrition Research Center on Aging (HNRCA) at Tufts University Volunteer Recruitment Services database and with advertisements posted in Tufts Medical Center clinics, local newspapers, bulletin boards, media sources, and via the HNRCA website. Interested individuals were first prescreened via an online or telephone questionnaire. Qualified individuals were invited to an onsite full-screening visit that was conducted by experienced research study staff at the Metabolic Research Unit at the HNRCA. The full screening included a health history and dietary habit interviews, a fiber-screening questionnaire, and standard blood tests. Participants were deemed eligible according to the following these criteria: men and women aged 40-65 y (women must have been .1 y postmenopausal or had both ovaries removed if premenopausal); BMI from 20 to 35; creatinine concentration #1.5 mg/dL; serum glutamic oxaloacetic transaminase, glutamic pyruvic transaminase, and total bilirubin #2 times the upper limit of the normal range; fasting glucose concentration ,125 mg/dL; hematocrit $32%; white blood cell count $1.8 3 10 3 /mm 3 ; platelet count $100 3 10 3 /mm 3 ; consent to be randomly assigned; and a report of the consumption of a low-fiber diet (men: ,7 g/1000 kcal; women: ,8 g/1000 kcal) for $2 wk before enrollment. Participants with higher fiber consumption were invited to participate if they were willing to reduce habitual daily fiber intake #2 wk before enrollment. In addition, participants were included if they were willing to consume only the study foods provided.
Additional exclusion criteria were based on participant weight change, dietary commitment, supplement use, use of certain medications, and health conditions. Participants were excluded if they had a self-reported weight change .4 kg within the past 6-mo or if they were participating in a weight-loss program. Dietary exclusions included a vegetarian diet and not willing to stop taking probiotics, multivitamins, and supplements including fish oil or n-3 fatty acids and herbal supplements for 30 d before and during study participation. Calcium and vitamin D supplements were allowed. In addition to these criteria, participants were excluded if they consumed .2 drinks alcohol/d or were not willing to abstain from drinking alcohol during the study and if they had food allergies or other issues with foods that would preclude intake of study diets. The medication exclusion criteria included the use of antibiotics within the past 3 mo, the use of nonsteroidal anti-inflammatory medications or antihistamines, or the inability to discontinue the use of these substances for 72 h before the first-day blood draw until 48 h after receipt of a delayed-type hypersensitivity (DTH) skin-test implant, and the use of immunosuppressive drugs. Exclusions for health conditions included a diagnosis of autoimmune diseases, active cancer or history of cancer within the past 5 y except for nonmelanoma skin cancer, uncontrolled major illnesses such as cardiovascular disease, and a history of inflammatory bowel disease or gastrointestinal disorders. All participants gave written informed consent before participating in the study and received a stipend.
Sample-size calculations and random assignment
Sample-size calculations were based on available data for DTH (36, 37) , key inflammatory cytokines (IL-6 and TNF-a) (38) , selected gut microbiota (Bifidobacteria and Lactobacillus) (38) , and natural killer (NK) cell cytotoxicity (38) . The largest sample size needed was n = 37/group to detect a significant difference at P , 0.05 for DTH with 80% power. This sample size was increased to n = 40/group to account for a 10% dropout rate on the basis of studies at the center in this age group. Participants were randomly assigned to the WG or RG group with the use of block random assignment with stratification by BMI (20-25, 25-30, and 30-35) , age (40-55 and 55-65 y), sex, and race (Caucasian, African American, Asian American, Hispanic, and other). The statistician, who had no contact with participants and had no role in the data collection, assigned the random-assignment coding for the WG and RG groups.
Study diets
All randomly assigned participants underwent a 2-wk run-in phase in which they were provided with a Western-style diet (high in saturated fats, red meats, simple carbohydrates, and processed or refined foods and low in fresh fruit and vegetables, WGs, seafood, and poultry). The purpose of the run-in period was to minimize the effect of habitual diet intake before starting the experimental diets. Total daily caloric intake of each participant was initially calculated with the use of the Harris-Benedict formula and was adjusted for physical activity when necessary to maintain the current body weights of subjects. Participants were instructed to maintain their current physical activity levels throughout the study. All meals were based on the USDA Dietary Guidelines 2010, which recommends that 50-55% of energy is derived from carbohydrates, 15-20% of energy is derived from protein, and 25-30% of energy is derived from fat (39) . After completion of the run-in phase, participants were assigned to the following experimental diets: an RG diet (8 g/1000 kcal) and a WG diet (16 g/1000 kcal), respectively ( Figure 1) . The targeted fiber intake that was provided by the WG diet met the recommended Dietary Guidelines for Americans (35 g/d), whereas the fiber intake from the RG diet was slightly above the average intake in adults.
The diets were similar in composition with the exception of the source of grain. The WG group received all grains from WG sources, and the RG group received all grains from RGcontaining foods. Otherwise, the diets were matched for servings of fruit, vegetables, and protein (e.g., turkey meatloaf with 100% whole-wheat bread crumbs with mixed vegetables or turkey meatloaf with 100% white-bread crumbs with mixed vegetables). Six 240-mL glasses of water or calorie-free drinks were recommended daily. The study dietitian developed 3-d menu cycles at 3 caloric levels (2000, 2500, and 3000 kcal) that used commonly available ingredients and food items. Calories were adjusted (plus or minus) from these calorie amounts on the basis of participants' weight fluctuations.
Food was prepared with the use of standardized recipes by trained staff at the Metabolic Research Unit of the HNRCA and was picked up by participants 3 times/wk. Meals were packaged with reheating instructions and a food checklist. To maintain body weight within 61 kg of baseline weight, body weight was measured 2-3 times/wk and calorie amounts were adjusted if necessary. Participants were asked to complete the food checklist, whereby they indicated the foods that were not consumed each day, and to return the completed checklist on a weekly basis. Subjects were also requested to report the consumption of any additional food that was not provided by the study. Although we discouraged the consumption of additional food, we tried to accommodate the preferences of subjects. If they were unhappy with a meal and would check off that they did not eat that item, our dietitian would ask them what other food on the menu they would like to eat more of and would try to incorporate that food into the future menu with adjustment of all nutrients to maintain the study requirements. Actual intake of foods was determined by subtracting the amounts of foods that were not consumed, as indicated on the food checklist, from the amounts of foods that were provided to participants plus the additional foods that were consumed. Participants' actual intakes were analyzed with the use of the Nutrition Data System for Research software (version 2011; Nutrition Coordinating Center, University of Minnesota). Participants were also asked to record the presence and severity of 6 gastrointestinal symptoms on a weekly basis. Compliance was assessed via the measurement of plasma alkylresorcinol homologs (19:0, 21:0, and 23:0), which are WG biomarkers that are present mainly in the bran of WGs (40) .
Sample collection for experimental analysis
Stool, 12-h fasting blood, and saliva samples were collected, and DTH tests were conducted at baseline (at or near the end of week 2 of the run-in period) and again at the end of dietary intervention phase (at or near the end of week 8 of the study). Participants were asked to stop the use of any anti-inflammatory medicines, including aspirin and antihistamines, for 72 h before blood collection and immunological testing.
Collection and processing of stool samples
Participants were provided with kits and instructions for stool collection, storage, and delivery to the HNRCA. Stool samples were collected in specimen containers and placed into plastic bags, surrounded by frozen gel packs, and delivered to the center in coolers. Participants were instructed to collect all stool samples daily during a 72-h period, record the date and time of collection, and deliver all stool samples within 24 h of production. The number of bowel movements and weights of samples were recorded by the study staff. From samples that were delivered within 24 h after production, 3 aliquots of 4 g were collected, and 2 aliquots were immediately stored at 2808C in polypropylene conical tubes for later analysis of SCFAs, cytokines, and IgA. The third aliquot was homogenized by vigorous stirring with a sterile spatula, and 5 3 200-mg aliquots were placed in sterile tubes (Eppendorf) and stored at 2808C for the later analysis of the microbiota composition. All stool samples that were collected within a 72-h window were pooled and used to determine aerobic and anaerobic bacteria, pH, and water contents. Stool anaerobic and aerobic counts were determined by taking two 0.5-g stool samples, adding each sample to 4.5 mL phosphatebuffered saline, and mixing vigorously. Each suspension was sequentially diluted to 1:10 to achieve dilutions between 10 10 and 10 12 . Samples were plated onto petri dishes that contained anaerobic blood agar and were incubated for 48 h at 378C in an anaerobic chamber or in a warm room under atmospheric conditions for anaerobic and aerobic bacteria cultures, respectively. CFUs on anaerobic and aerobic plates were counted, and the results were expressed as CFUs per gram of stool. The stool water content was determined by drying 2 g stool sample in an oven for 12-16 h at 1408C. The fecal water weight was determined by the difference between the predrying weight and postdrying weight. The percentage of stool water content was calculated as the result of fecal water being divided by the predrying weight and multiplied by 100. To measure the stool pH, 1 g stool was added to 1 mL distilled water, mixed thoroughly by vortex, and measured with a pH meter.
Saliva, blood, and plasma collection
Drinking straws were cut into 2-in pieces. Participants placed one end of the straw into the mouth while placing the other end into polypropylene vials. The allowance of saliva to pool in the mouth and tilting the head forward caused the saliva to travel from the mouth to the storage vials. Participants were asked to fill vials to a designated line, and the duration of the process was recorded as flow rates, which affected IgA concentrations (41) . After collection, samples were stored at 2808C for a later analysis.
To account for day-to-day variations in ex vivo immunologic function assays, venous blood was collected into either heparintreated (for culture) or EDTA-coated (for hematology and plasma isolation) tubes on 2 consecutive days after a 12-h fast.
Compositional analysis of fecal microbiota by high-throughput sequencing DNA extraction from stool was done with the use of the QIAamp DNA Stool Mini kit (Qiagen) with the following modifications: Each 200 mg stool sample was thawed in a Qiagen stool extraction buffer (Qiagen), containing 50 mg lysozyme and 13.5 U lysostaphin (Sigma Corp.), that was resuspended by stirring the solution with a pipette tip, which was transferred to a tube that contained 500 mg 0.1-mm zirconium and silica beads (Biospec Products). The tubes were placed on a bead-beating adapter on a Vortex Genie (both from MoBio) for 5 min of bead beating at 48C. The tubes were heated to 378C for 10 min. After the addition of 200 mg proteinase K (Qiagen) and 20 mg RNase A (Sigma-Aldrich), the tubes were heated to 708C for 10 min, which was followed by an additional 5 min of bead beating. Tubes were centrifuged, and the supernatant fluid was added to a tube that contained an InhibitEx tablet from the Qiagen kit (Qiagen). The remaining procedure was conducted according to the manufacturer's protocol. Stool extractions were carried out in batches of n = 15 with a no-stool extraction control included in each batch to detect any potential cross-contamination.
Amplicons of the V4 region of the bacterial 16S ribosomal DNA were generated with primers according to Caporaso et al. (42) . Each amplicon reaction was carried out in triplicate with a template control; the success of the reaction (band with template; no band with a negative control) was confirmed by running the reaction products on an agarose gel. DNA concentrations of all successful amplicon reactions were measured with the use of the Quant-iT ds DNA Assay Kit, High Sensitivity (Invitrogen). Amplicons were pooled in equimolar amounts, which was followed by the purification of the pool on Angencourt AMpure XP beads (Beckman Coulter) according to the manufacturer's protocol. Pools were submitted to the Tufts University Core Facility for 250-bp paired-end sequencing on a MiSeq sequencer (Illumina).
Marker-gene sequencing data were processed with the use of the Quantitative Insights Into Microbial Ecology package (43) . Reads (results of nucleotide sequences) were clustered at 97% identity and assigned taxonomy by open reference with the use of the Greengenes reference database (greengenes.lbl.gov) (44) and USEARCH program v6.1 (drive5.com) (45) . Sequences from all samples were subsampled at a sample-sequencing depth of 19,490 sequences to control for the differential sequencing effort. Within-sample biodiversity was measured with the use of wholetree phylogenetic diversity. To quantify differences in microbial compositions between participants over time, weighted and unweighted UniFrac (a distance metric used for comparing biological communities) (46) distances between all pairs of samples was calculated.
Stool SCFAs
Stool SCFAs were determined on the basis of the method described by Tomcik et al. (47) with a slight modifications. Undiluted stool samples were removed from storage at 2808C and freeze dried for 5-7 d. Stool samples were ground to a fine powder with the use of a mortar and pestle. Because the extraction yield of SCFAs can be increased by decreasing the stool homogenate pH (48) , each stool sample (0.1 g) was suspended in 1% phosphoric acid and homogenized by shaking for 30 min, which was followed by centrifugation for 15 min at 7000 3 g at 48C. The liquid fraction was decanted and filtered through a 0.2-mm polysulfone membrane (Sigma-Aldrich) and stored at 2808C for later extraction. Fecal samples were spiked with internal standards actetate-D4 and butyrate-D7 before being extracted by ethyl acetate; samples were derivatized with 200 mL of 100 mmol pentaflourobenzyl bromide acetone solution/L with 100 mL trimethylamine (both from Sigma-Aldrich) as the catalyst (49) for 1 h at 608C. SCFAs were analyzed with the use of gas chromatography-mass spectrometry. A multipoint standard curve was established for quantitative analyses of acetate, propionate, and butyrate, respectively. Known SCFA concentrations were linearly regressed to the ratio of the SCFA:inflammatory score (IS) AUC. Concentrations were quantified with the use of the ratio of each analyte to the internal standard in the equation from the standard curve.
Stool cytokines
Stool cytokines were analyzed as previously described (50) with a slight modification. Briefly, stool samples were stored at 2808C, were freeze dried for 5-7 d, and ground to a fine powder with the use of a mortar and pestle. Stools were diluted in phosphate-buffered saline at a 1:4 ratio and centrifuged at 20,000 3 g. Samples were filtered through centrifuge tube filters (Sigma-Aldrich) to remove particles; filtered samples were used to quantify stool cytokine and IgA. Stool cytokines [interferon g (IFN-g), TNF-a, IL-6, IL-7, and transforming growth factor b] were measured with the use of a high-sensitivity ELISA, and stool IgA was measured with the use of a regular ELISA (eBioscience) according to the manufacturer's instructions.
Measurement of DTH response
The DTH skin test was conducted as previously described by Hamer et al. (7) . The 3 recall skin antigens Tetanus toxoid (Tetanus toxoid USP; Aventis Pasteur), Candida albians (Candin; Allermed Laboratories), and Trichophyton species (Trichophyton mentagrophytes in conjunction with Trichophyton rubrum; Hollister-Stier Laboratories) and a negative control (0.9% normal saline) (Bound Tree Medical) were injected intradermally at separate sites on the volar surface of the forearm. Induration of the skin response was read 24 and 48 h later, and a positive reaction was defined as a mean $5 mm. The number of positive responses and a composite score of the responses to all antigens were recorded.
Complete blood count and differential count
Whole blood that was collected in EDTA-coated tubes was used to analyze complete blood counts and differential counts with the use of an automated hematology analyzer (ABX Penta 60+; ABX Diagnostics) according to the manufacturer's instructions.
Samples were analyzed in duplicate by the Nutrition Evaluation Laboratory at the HNRCA in the "complete blood count + 5 population differential count" mode. The mean was calculated and used for the statistical analysis.
Lymphocyte subsets in peripheral blood
To determine the lymphocyte phenotype, whole blood surface staining for different white blood cell markers was conducted with the use of fluorescent-conjugated antibodies according to previously published methods (51) . A 3-or 4-color flow cytometry analysis was performed for a panel that consisted of anti-CD3 (total T cells), CD4 (helper T cells), and CD8 (cytotoxic T cells) as well as their naive and memory subpopulations (which were determined by corresponding patterns in the expression of CD45RA, CD45RO, and CD62L), CD19 (B cells), CD16 and CD56 (NK cells), and CD4 and CD25 (regulatory T cells). Antibodies and their corresponding isotype controls were added according to the manufacturer's protocol. All samples were run on an Accuri C6 flow cytometer (BD Biosciences), and acquired data were analyzed with the use of Flowjo version 10 software (TreeStar).
Plasma alkylresorcinols, cytokines, and LPS-binding protein
To assess adherence to the dietary regimen, plasma concentrations of the individual alkylresorcinol homologs 19:0, 21:0, and 23:0 were measured with the use of gas chromatographymass spectrometry as previously described with minor modifications FIGURE 2 Consolidated Standards of Reporting Trials diagram. 1 Other reasons included an unwillingness to eat all study foods, current participation in other studies, and being over the BMI range at the start date but after signing consent. 2 Unwilling to eat all study foods. RG, refined grain; WG, whole grain. (52) . The alkylresorcinol quantification was calculated by introducing a multipoint standard curve for each alkylresorcinol (19:0, 21:0, and 23:0). Concentrations were calculated with the use of the ratio of each alkylresorcinol to the internal standard.
Plasma concentrations of TNF-a, IL-6, IL-8, IL-1b, and LPSbinding protein (LBP) were analyzed with the use of electrochemiluminescence assays (Meso Scale Discovery) according to the manufacturer's instructions. The data acquired were analyzed with the use of the Meso Scale Discovery Workbench 3.0 Data Analysis Toolbox (Meso Scale Discovery). For a few samples, because their IL-1b concentrations were below the detection limit, we set 50% of the detection limit as their estimated values (53) . Samples were analyzed in triplicates, and the means were used for the statistical analysis. An overall IS was computed from plasma concentrations of TNF-a, IL-6, IL-8, and IL-1b as previously described (54) . Briefly, individual cytokines were ranked, standardized as z scores, and summed to compute a score (IS) that was representative of the overall inflammation.
Lymphocyte proliferation
The ability of lymphocytes to proliferate was assessed by quantifying the incorporation of [ 3 H]-thymidine after stimulation with phytohemagglutinin, concanavalin A (Con A), or antibodies against CD3 (T cell receptor) and CD28 (T cell co-receptor) (anti-CD3 and anti-CD28) with the use of a modified whole blood culture protocol (55) . Venous blood that was collected in 2 consecutive days was diluted to a final 1:10 ratio [volume:volume (vol:vol)] with Roswell Park Memorial Institute (RPMI) 1640 media (Sigma-Aldrich), which was supplemented with penicillin (100 U/mL), streptomycin (100 mg/mL), HEPES (25 mmol/L), and glutamine (2 mmol/L). This complete RPMI-1640 media was used in the whole study unless indicated otherwise. Diluted blood in round-bottom 96-well cell culture plates was incubated in triplicated wells per treatment of 72 h in the presence of phytohemagglutinin at 2, 5, or 50 mg/mL, Con A at 5, 25, or 50 mg/mL, or immobilized anti-CD3 (eBioscience) at 1, 5, or 10 mg/mL and soluble anti-CD28 at 1 mg/mL. The culture condition for cell function measurements in this study was an atmosphere of 378C, 5% CO 2, and 95% humidity unless indicated otherwise. Cultures were pulsed with 0.5 mCi [3H]-thymidine (Perkin Elmer) during the last 4 h of incubation. Cells were harvested onto glass-fiber mats (Wallac) with the use of a Perkin Elmer cell harvester (Perkin Elmer). Cell proliferation was quantified as the amount of [ 3 H]-thymidine that was incorporated into the DNA, which was determined with the use of liquid-scintillation counting with a Micro Beta 2 MicroPlate counter (Perkin Elmer). Results are expressed as mean counts per minute that were averaged from both days of venous blood collection at baseline (week 2) and 6 wk postintervention (week 8).
Ex vivo cytokine production
The ability of immune cells to produce cytokines was assessed under dynamic conditions by stimulation with LPS or anti-CD3 and anti-CD28 with the use of a modified whole blood culture technique (56) . Venous blood, which was collected on 2 consecutive days, was diluted to a final ratio of 1:5 (vol:vol) or 1:3.6 (vol:vol) with the RPMI-1640 media. To determine T cell cytokine IFN-g, IL-2, and IL-4 production, diluted blood was stimulated with All cytokines, except IFN-g, were measured, and data were analyzed with the use of Meso Scale Discovery system as described previously for plasma cytokine analysis. Because it was not possible to attain the dilution to measure IFN-g along with the other cytokines, IFN-g was measured with the use of a regular ELISA with agents from BD Biosciences and a plate reader (BioTek Instruments). In a few cases, IFN-g, IL-10, IL-4, and IL-2 concentrations were below detection limits; therefore, onehalf of the detection-limit values were recorded as estimated concentrations (57) . Results from both days were averaged, and mean values were used for the statistical analysis.
Isolation of peripheral blood mononuclear cells and NK cell activity analysis
An NK cell activity assay was conducted with the use of a modified flow-cytometry method on the basis of a previously reported method (58) . Briefly, peripheral blood mononuclear cells (PBMCs) were isolated with the use of Ficoll-Histopaque gradient centrifugation (Sigma-Aldrich) and suspended in RPMI-1640 and 5% fetal bovine serum at 2 3 10 6 cells/mL. PBMCs were incubated in the presence of allophycocyanin-conjugated anti-CD56 and phycoerythrin-conjugated anti-CD16 monoclonal antibodies (both from eBioscience) according to the manufacturer's instructions. Human chronic myelogenous leukemia cells K562 (American Type Culture Collection CCL-243) were cultured in RPMI-1640 media and 10% fetal bovine serum. K562 cells, at 1 3 10 5 cells/mL, were incubated in the presence of 1 mM carboxyflourescein succinimidyl ester. Effector cells (PBMCs) were co-incubated with target cells (K562 cells) at effector:target ratios of 100:1, 50:1, 25:1, and 12.5:1. The spontaneous death of target cells was determined with the use of a culture without PBMCs. All samples were run in triplicate. After 3 h of co-incubation, 5 mL 7-aminoactinomycin D (eBioscience) was added to each tube to stain dead cells, which was incubated in the dark and on ice for an additional 10 min. Samples were analyzed on an Accuri C6 flow cytometer (BD Biosciences). The percentage of NK cells in PBMCs was also determined with the use of flow cytometry. The percentage of cytotoxic activity was calculated with the use of the following equation:
Cytotoxicityð%Þ ¼ ½dead target cellð%Þ 2 spontaneous deathð%Þ ½100 2 spontaneous deathð%Þ 3 100
Salivary secretory IgA Salivary secretory IgA was measured with the use of an indirect competitive immunoassay kit according to the manufacturer's protocol (Salimetrics). Samples were read with the use of an ELISA plate reader, and output was collected and analyzed with the use of Gen5 software (BioTek Instruments). Samples were run in duplicate, and mean values were calculated for each sample.
Blood lipid profile
Blood lipid profile outcomes (cholesterol, triglycerides, HDL, LDL, and VLDL) were measured, and the full processing methods were described elsewhere (M Meydani, M Thomas, JB Barnett, SM Vanegas, O Chen, G Dolnikowski, S Jonnalagadda, E Saltzman, S Roberts, SN Meydani, unpublished data, April 2016). Briefly, cholesterol, triglyceride, and HDL were measured with the use of an enzymatic, calorimetric endpoint assay. LDL was calculated if the triglyceride concentration was ,400 mg/dL, or LDL was measured directly if the triglyceride concentration was $400 mg/dL. VLDL was calculated with the use of Friedewald's formula (59) .
Statistical analysis
An analysis of the clinical variables was carried out with the use of SAS software (release 9.2; SAS Institute Inc.). Data are presented as means 6 SEMs. Both the change from baseline to postintervention within each group (DRG or DWG) and the difference of this change between groups (DWG minus DRG) were reported. Normality tests were performed, and transformations were done when needed before the statistical analysis. The comparisons conducted include those between baseline and postintervention in each diet group, between the 2 diet groups at each time point, and between groups for the change from baseline to postintervention. A general linear model was used to analyze the data. Variables specified in the model were BMI, age, sex, and baseline values of dependent variables because of their influence on the microbiota and immune and inflammatory responses. A correlation analysis between outcomes that were significantly (P , 0.05) affected by the diet and alkylresorcinols was corrected for measures at baseline, BMI, age, and sex. The DTH response was the primary outcome, and other measures were secondary outcomes. Within a category (such as immune or fecal microbiota) and the same class (primary or secondary) of outcomes, multiple comparisons were taken into account for calculating the levels of significance (P values). Results were considered significant at P , 0.05 or as a trend if P , 0.1.
Differences in relative abundances of taxonomic groups that were summarized at the levels of both the phylum and genus were examined. Comparisons that were conducted included those between baseline and postintervention in each diet group, between the 2 diet groups at each time point, and between groups for the change from baseline to postintervention. These comparisons were conducted with the use of a linear model in the statistical package R (60) and controlling for age, BMI, and sex. P values were corrected for the total number of comparisons with the use of a false-discovery rate (FDR) correction, whereby significance was determined according to FDR-adjusted P values ,0.25. We chose the FDR of 0.25 for these analyses because of the large number of tests.
a-Diversity values for each sample were described with the use of the whole-tree phylogenetic diversity variable. a-Diversity values were verified to be normally distributed with the use of the Shapiro-Wilks test, and within-and between-group analyses were carried out with the use of a paired t test.
Weighted and unweighted UniFrac measures of between-sample ecologic variation (b diversity) were used to test the hypothesis that participants were more similar to other subjects within the same treatment group. This test was performed with the use of the Adonis function in the vegan package in R software (60) similar to that performed in the permutational multivariate ANOVA analysis.
A statistical analysis of associations between the relative abundances of common taxa (those that were present in $10% of samples) and clinical metadata covariates of interest were performed with the use of a generalized linear regression in the statistical package R while controlling for age, BMI, and sex. 1 All values are means 6 SEMs. n = 40 in the RG group, and n = 41 in the WG group. There were no differences between groups at baseline. P values were obtained with the use of an ANCOVA and controlling for the baseline measure, BMI, age, and sex. RG, refined grain; SCFA, short-chain fatty acid; WG, whole grain. FIGURE 3 a-Diversity comparisons of gut microbiota in stool samples that were collected at baseline and at the end of the intervention. Data are presented as box-and-whisker plots that show the distribution of data in quartiles. a Diversity did not significantly change from baseline after the intervention in either diet group as observed with the use of phylogenic diversity-richness metrics. The a diversity in stool samples that were collected at baseline was lower in the WG group (n = 38) than in the RG group (n = 39) (P = 0.01). RG, refined grain; WG, whole grain.
The significance of associations was corrected for the total number of taxa comparisons with the use of a FDR correction. In addition, correlation tests (with the use of Spearman correlation) were conducted to control for outliers and were corrected for the total number of comparisons with the use of the FDR. Associations were identified as significant if they had FDRadjusted P values ,0.25 for both generalized linear regression and Spearman correlation results.
RESULTS
Recruitment, enrollment, and baseline comparisons
Initially, 1714 participants were prescreened via a telephone or online screening questionnaire and were deemed eligible on the basis of age, BMI, postmenopausal status, chronic illness, medication use, and willingness to be randomly assigned. Of these subjects, 319 men and women were screened at the HNRCA for eligibility on the basis of laboratory exclusion criteria. A total of 103 qualified volunteers were enrolled and randomly assigned, and 81 of these individuals completed the study with 40 subjects (25 men and 15 women) in the RG group and 41 subjects (24 men and 17 women) in the WG group (Figure 2) . Of 22 participants who dropped out, 13 individuals dropped out during the run-in phase, and 9 individuals dropped out after random assignment (n = 5 from the RG group, and n = 4 from the WG group) because of personal reasons that were unrelated to the intervention including the need to take antibiotics, time constraints, family events, no shows, and a diverticulitis diagnosis by the primary care physician. Sample sizes reported for different outcome measurements varied slightly, which reflected missing samples that were due to the reasons including below the detection limit, accidental loss of samples during processing, and a technical failure in the analysis. However, there were no samples that were purposely excluded from the statistical analysis. There was no difference in sex, age, BMI, race, education, marital status, or occupation at baseline between groups (Table 1) or in blood lipid profiles (data not shown). Furthermore, there was no significant difference in the change in triglycerides, LDLs, HDLs, or VLDLs between WG or RG groups (data not shown), but a significantly smaller decrease (from baseline to postintervention) in total cholesterol was shown in the WG group than in the RG group (3.61 6 3.43 compared with 11.30 6 3.88 mg/dL; P , 0.05).
Dietary intake and adherence
Body weight was maintained within 1 kg of baseline values according to the study design. At baseline and at the end of the intervention, mean 6 SD body weights were 74.7 6 12.0 compared with 74.7 6 12.4 kg in the WG group and 75.4 6 12.0 compared with 74.9 6 11.7 kg in the RG group. There was no difference in energy intake or total fat intake over the study period both within each group and between groups (Supplemental Table 1 ). There was a negligible between-group difference in macronutrient intake with a WG-group compared with RG-group increase by 3%, a decrease by 2%, and an increase by 0.4% for carbohydrate, protein, and PUFAs, respectively. We observed increased intake of cholesterol in the RG group; this finding resulted in a small difference in cholesterol intake when the change between WG and RG groups was compared. Observed differences in micronutrient intake reflected the nutritional composition of the WG food and the manufacturer's fortification of products that contained refined cereals and white flour. Compared with the RG group, intakes of iron, magnesium, zinc, and selenium were higher in the WG group; however, intakes of vitamin D, thiamin, niacin, and folate were lower.
The consumption of WGs, as expected, resulted in an increase in total dietary fiber intake in the WG group than in the RG group. Over the 6-wk intervention phase, the WG group had daily reported consumption of 207 6 39 g WGs and 40 6 5 g fiber compared with 0 g WGs and 21 6 3 g fiber in the RG group. There was a small increase in soluble fiber intake in RG and WG groups at the follow-up time point compared with at baseline. In contrast, insoluble fiber intake did not increase in the RG group but doubled in the WG group. In this study, wheat was the major contributor of WG intake; therefore, insoluble fiber was the major source of dietary fiber. Incidences of self-reported FIGURE 4 b-Diversity comparisons of gut microbiota in stool samples that were collected at baseline and after the intervention. Data are shown from WG participants (n = 38) before the intervention (dark-blue dots) and after the intervention (light-blue dots) as well as from RG participants (n = 39) before the intervention (dark-orange dots) and after the intervention (light-orange dots). A PC analysis of weighted (A) and unweighted (B) UniFrac distances. A permutation-based ANOVA [Adonis function in the vegan package in R software (60); 99 permutations] with weighted UniFrac-distance metrics revealed that the variation in the gut microbiota community structure could not be explained by the intervention group either at baseline (P = 0.39) or after the intervention (P = 0.25). However, a similar analysis with the use of unweighted UniFrac metrics showed differences in the microbiota structure of WG and RG groups at P = 0.05 and P = 0.07 for baseline and after the intervention, respectively. PC, principal coordinate; RG, refined grain; WG, whole grain.
gastrointestinal symptoms did not differ between groups (Supplemental Table 2 ).
Alkylresorcinols are phenolic lipids that are present in the bran of wheat and rye, and thus, their plasma concentrations are suitable biomarkers of WG wheat consumption. Plasma concentrations of alkylresorcinol between groups were not different at baseline. Increased WG consumption was accompanied by increases in total alkylresorcinols and individual alkylresorcinols (19:0, 21:0, and 23:0) (all P , 0.0001) in the WG group ( Table 2) . Plasma alkylresorcinol concentrations of 19:0, 21:0, and 23:0 and total alkylresorcinols in the WG group after the intervention were 6-, 9-, 5-, and 7-fold higher (all P , 0.0001), respectively, than the concentrations at baseline. The larger increase (9-fold) in plasma concentrations of 21:0 relative to that of other alkylresorcinols in the WG group reflected the fact that wheat was the main component of the WG diet in the study. As expected, no changes in plasma alkylresorcinol concentrations were shown in the RG group after the intervention phase, which confirmed participant adherence.
Stool weight, frequency, pH, water content, and SCFAs
We observed an increase in bowel-movement frequency (P = 0.03) and stool weight (P = 8.39 3 10 28 ) in the WG group (Table 3) with no change in the RG group, which resulted in between-group differences in bowel-movement frequency (P = 0.02) and stool weight (P = 1.77 3 10 27 ). Changes in stool acetate (DWG compared with DRG mean 6 SEM: 2.13 6 1.36 mmol/L; P = 0.02) and total SCFA (2.70 6 2.25 mmol/L; P = 0.05) were larger in the WG group than in the RG group mainly because of a decline in the RG group (Table 4 ). There was also a weak correlation between acetate and 19:0 (r = 0.19, P = 0.02) and total alkylresorcinol (r = 0.19, P = 0.02), which suggested that the difference in changes between the 2 groups was a reflection of the difference in WG intake.
Fecal microbiota composition
Samples were sequenced in 2 batches (number of samples per sequencing run: w100) to generate a good depth (number of sequences per sample) of sequencing per sample. We obtained an average of 189,971 sequences/sample and a total of 33,254,004 sequences that were assigned to barcodes. Reads were clustered into 5341 total operational taxonomic units at a 97% sequence identity, used in a taxonomic analysis, and classified into 10 bacterial phyla and 118 genera. Community complexities of WG and RG microbiota were compared according to a (intraindividual) diversity and b (interindividual) diversity. There were differences in a diversity at baseline; however, these differences were no longer observed at the end of the intervention (Figure 3) . Although we observed a difference in unweighted UniFrac at baseline (P = 0.05), there was no difference in the weighted UniFrac analysis (Figure 4) . This result may have implied the presence of small populations of bacteria, and when their abundance was taken into account, the differences were no longer observed.
The bacterial composition was determined at the phyla and genera levels; however, family-level comparisons were made when genera-level identifications were not possible. There were no differences between groups when the change (DWG compared with DRG) of relative abundance at the phyla level was 
Salivary and stool IgA and stool cytokines
The WG intervention had no effect on the salivary IgA concentration or rate or on stool IgA (Supplemental Table 3 ) or stool cytokine concentrations ( Table 7) .
DTH skin test
There was no within-or between-group difference in the total number of positive antigens or total diameter of induration that was measured at 48 h after implantation ( Table 8 ). There was no difference in DTH changes between RG and WG groups. However, we observed an increase in the number of positive antigens and total diameter of induration in response to Trichophyton in both groups (Table 8 ), which might have been a reflection of the repeated administration of the antigen.
White blood cell count differential, lymphocyte phenotype, and lymphocyte proliferation
No between-group differences occurred in total numbers of white blood cells, lymphocytes, monocytes, eosinophils, basophils, or neutrophils (Supplemental Table 4 ). WG intake did not influence the percentages of T lymphocytes, CD4 + T cells and subpopulations, CD8 + T cells and subpopulations, B cells, NK cells, NK T cells, or regulatory T cells ( Table 9 ). There was a difference in the change of the percentage of total terminal effector memory T cells (DWG compared with DRG mean 6 SEM: 2.68% 6 2.33%; P = 0.03). A partial correlation analysis showed a modest positive correlation between terminal effector memory cells and 19:0 (r = 0.22, P = 0.04), 21:0 (r = 0.33, P = 0.001), and total alkylresorcinols (r = 0.28, P = 0.01), thereby suggesting that the increase in terminal effector memory T cells was associated with an increase in WG intake.
There was no within-or between-group difference in T cell proliferation in response to the mitogens Con A, phytohemagglutinin, or anti-CD3 and anti-CD28 at any of the concentrations used (Supplemental Table 5 ).
Plasma cytokines and LBP, ex vivo production of cytokines, and NK cell activity WG intake had no effect on plasma concentrations of cytokines or LBP (Supplemental Table 6 ). Although several inflammatory markers are used to define chronic inflammation, it is increasingly appreciated that the measurement of an integrated index, such as an IS, that takes into account multiple cytokines may be a better representation of systemic inflammation status. Thus, we 1 All values are means 6 SEMs. n = 40 in the RG group, and n = 39 in the WG group. There were no differences between groups at baseline. P values were obtained with the use of a linear model; covariates in the model included age, BMI, and sex with false-discovery rate correction for multiple testing. RG, refined grain; WG, whole grain. computed an IS in this study. There were no between-group differences in the IS; however, there was a moderate inverse correlation between the IS and total alkylresorcinol in the WG group (Pearson's r = 20.40, P = 0.02). There was a difference in the change from baseline to follow-up between the 2 groups in LPS-stimulated TNF-a production (DWG compared with DRG mean 6 SEM: 2131 6 1399 pg/mL; P = 0.04) ( Table 10) , which was mainly due to a decrease in the RG group. A partial correlation analysis showed a modest positive correlation between TNF-a and 19:0 (r = 0.23, P = 0.03) or total alkylresorcinols (r = 0.23, P = 0.04), which suggested that the change in LPS-induced production of TNF-a was associated with an increase in WG intake.
There was no difference in the ex vivo production of cytokines after stimulation with anti-CD3 and anti-CD28 at any of the concentrations used (Supplemental Table 7 ). The WG intervention had no effect on NK cell activity (Supplemental Table 8 ).
DISCUSSION
This study was designed to determine the effects of the consumption of diets that were matched for overall energy contents and macronutrient compositions but that differed in amounts of WGs on gut microbiota, their metabolites, and immune and inflammatory responses in metabolically healthy adults. As intended, body weight was maintained fairly constant within 1 kg of baseline weights throughout the duration of the study, and furthermore, the increase of WGs in the diet was well tolerated because self-reported gastrointestinal side effects did not differ between groups. In addition to increasing plasma alkylresorcinol, the frequency of bowel movements, and stool weight, the consumption of WGs had modest effects on the gut microbiota composition, stool SCFA concentrations, and a few variables of immune cell phenotype and function.
Plasma concentrations of alkylresorcinol as a biomarker of WG intake can serve to monitor adherence because alkylresorcinol are mainly found in the outer parts of WG wheat and rye, are not destroyed during food processing (61) , and are well absorbed in humans (62) . Significantly increased plasma alkylresorcinol in the WG group compared with in the RG group indicated good adherence to the assigned diets, which was further supported by the similar changes in stool output and frequency because fiber is known to increase stool frequency and output (63) . The fiber from wheat is mostly insoluble, and insoluble fibers are known to increase stool bulk, reduce transit time, and make fecal elimination easier and quicker. In this way, insoluble fiber can regulate bowel functions to promote the wellbeing of healthy people and can function as a remedy to alleviate several gastrointestinal diseases such as peptic ulcers and cancer (64, 65) .
To determine the impact of WGs on immune and inflammatory responses and gut microbiota, our study assessed the following: 1) systemic and stool inflammatory cytokine concentrations and plasma LBP concentrations, 2) phenotypic and functional immune variables, and 3) gut microbiota and microbial products. We showed no effect of WGs on plasma or stool inflammatory cytokine concentrations or on LBP concentration in plasma. Our findings are consistent with 4 (32-34, 66) of 5 [including Sofi et al. (29) ] published WG studies that only looked at inflammatory status but not at the impact on the cell mediated immune response or gut microbiota composition. The study of Sofi et al. (29) used a unique type of Italian WG wheat with a special processing method, and this WG flour is known to contain higher amounts of polyphenols and flavonoids, which have anti-inflammatory effects (31) .
We showed no effect of WGs on the majority of phenotypic or functional immune variables. The increased DTH response in both groups may have suggested a boosting effect of a repeated exposure to the antigen, which may have masked the additional effect of WGs even if the effect existed. In relation to this, we showed a significant difference in the percentage of terminal effector memory T cells between WG and RG groups, which may have implied that there was an enhanced potential in the adaptive immune response to a recall antigen. A similar finding was reported by Ampatzoglou et al. (35) who showed a trend toward increased CD4 + terminal central memory cells in a WG group than in a control group. In addition, we showed that the LPSstimulated TNF-a production was significantly better maintained in the WG group that in the RG group. Because TNF-a serves as an ex vivo surrogate marker for the inflammatory response after a pathogen challenge, these data may have suggested that there was a more-robust response to antigens. However, with consideration of the lack of differences in other variables of immune and inflammatory responses, the overall impact of an increase in the consumption of WGs, in the absence of weight loss, on the resistance to pathogens remains to be determined.
In this study, we showed a modest effect of WGs on the composition of microbiota and stool SCFA concentrations. These observations were consistent with 2 (30, 31) of 3 (30, 31, 35) previous studies that investigated the effects of WGs on gut microbiota. We did not observe a difference in the bacterial diversity or phyla between groups, which was in agreement with the other intervention trials that used WG wheat as the main source of WGs (31, 67) . In contrast, Martínez et al. (30) used WG barley and brown rice as the main sources of WGs and reported increases in gut microbial diversity and in the Firmicutes:Bacteroidetes ratio. Similar to the results that were reported by Martínez et al. (30) and Vitaglione et al. (31) , we observed differences at the genus level whereby there was an increase in the SCFA producer Lachnospira and a decrease in proinflammatory Enterobacteriaceae. In variance to Martínez et al. (30) , we observed a difference in stool acetate between groups, which was mainly driven by a decrease in the RG group. Note that the amount of SCFAs that is present in the stool only accounts for w5-10% of SCFAs produced (68); acetate is mainly produced in the colon (69); and a lower pH favors the production of SCFA (70) . In our study, the RG group showed an increase in stool pH, whereas the WG group showed a decrease in stool pH. Therefore, increased SCFA production after WG consumption may be related to a favorable environment such as lower pH in the colon. Of 3 studies (30, 31, 35) , Martínez et al. (30) and Vitaglione et al. (31) reported a decrease in systemic inflammatory markers and changes in the gut microbiota composition. The reason for the inconsistent findings in these clinical trials is not completely understood; however, factors such as differences in the composition of WG diets, not having completely controlled for other components of the diets, the extent of adherence to the diets, and the population studied may have contributed to the divergent findings.
The strength of the current study is that, to our knowledge, this is the first WG intervention report that completely controlled the diet, maintained weight, and kept other dietary components except fiber constant. Furthermore, we included an analysis of plasma alkylresorcinol to verify adherence. In doing so, we were able to assess the effect of WGs on gut microbiota and immune and inflammatory markers without the influence of confounding factors. Intervention studies that have not included biomarkers of adherence have consistently report mixed results (29, (32) (33) (34) 66 ) on inflammatory markers, whereas studies that have included markers of WG adherence and observed significant changes in gut microbiota composition have reported beneficial effects on inflammatory markers (30, 31, 35) . Thus, the modest effects that we observed on immune and inflammatory markers and gut microbiota suggest that more-pronounced changes in the gut microbiota, which may require a prolonged intervention period, are needed to observe moredramatic effects on immune and inflammatory responses. Furthermore, the current study was conducted in healthy individuals who were not likely to be immune compromised or to have high inflammatory status. It is possible that more-pronounced changes would have been observed in participants who were preselected for having high inflammatory status or chronic disease. Note that WG foods contain more micronutrients and phenolic compounds that are known to have various health benefits, including those on immune and inflammatory responses, and we could not determine the contribution of these components, as well as their interactions with fiber, to the final effects in our clinical trial. Therefore, future intervention studies should also consider the inclusion of a variety of grains because grains vary in types of fiber and compositions of phytochemicals and micronutrients. In particular, the WG in the current study was predominantly from wheat, whereas oats contributed ,5%; however, oats are more prominent sources of soluble fiber, which are known to beneficially alter risk factors for diseases (71) . Finally, genomic and epigenetic variations should be determined for the varied responses to WG intake in individuals in terms of changes in gut microbiota, inflammation status, and the immune response.
In conclusion, our study shows that 6 wk of WG consumption of an isocaloric diet that does not result in weight loss is well tolerated by healthy, middle-aged individuals; in addition to a significant increase in stool frequency and weight, we also show a very modest effect on the gut microbiota composition, SCFAs, and certain indicators of the immune response. Additional studies that use other WGs with higher soluble fiber and/or phenolic compounds are needed to determine the health benefits of WGs on healthy individuals. In addition, studies that use WGs with and without weight loss are needed for a better understanding of the impacts of WGs on the gut microbiota and their associated health benefits.
